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ABSTRACT 
This repor t  is a summcry of the  work done on NASA cont rac t  NAS 8-31529. 
During t h i s  p ro jec t  the  trapping and behavior of gas bubbles were s tud ied  
during low- grav i ty  s o l i d i f i c a t i o n  of  carbon tetrabromide, a t ransparen t ,  
metal-model mater ia l .  The f l i g h t  experiments were performed during two 
NASA-sponsored sounding rocket f l i g h t s  (SPAR I and SPAR 111) and involved 
gradient  f reeze  s o l i d i f i c a t i o n  of  gas sa tura ted  melts. Gas bubbles were 
evolved a t  the sol id- l iquid i n t e r f a c e s  during the l o r g r a v i t y  i n t e r v a l s .  No 
large-scale  thermal migratian of bubbles, bubble pushing by the sol id- l iquid 
i n t e r f ace ,  o r  bubble detachment from the i n t e r f a c e  were observed during t h e  
low-gravity experiments. During the SPAR I11 experinent,  a unique bubble 
mt ion- f lu i , '  flow event occurred i n  one specimen: a l a rge  bubble moved 
downward and caused some c i r cu l a t i on  of t he  m e l t .  The gas bubbles t h a t  were 
trapped by the  s o l i d  i n  commercial pu r i t y  m t e r i a l  formed voids t ha t  had a 
cy l ind r i ca l  shape i n  SPAR 111, i n  con t r a s t  t o  the  spher ica l  shape t h a t  had 
been observed i n  SPAR I. These shapes were not influenced by the  grav i ty  leve l  
go versus go), but were dependent upon t h e  i n i t i a l  temperature gradient .  
I n  higher pu r i t y  mater ia l ,  however, the shape of the voids changed from 
cy l ind r i ca l  i n  one-g t o  spher ica l  i n  low-g. Several  ground based experiments 
or. bubble migration were a l s o  performed. The r e s u l t s  showed a profound 
e f f e c t  of  sample pu r i t y  on bubble behavior and provide an explanation of the  
low-gravity observations.  
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INTRODUCTION 
This  memorandum p r e s e n t s  t h e  r e s u l t s  o f  an  experiment designed t o  i n v e s t i g a t e  
t h e  behavior  o f  bubbles  a t  a  s o l i d i f i c a t i o n  i n t e r f a c e  and i n  the  m e l t  ahead of  
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t h e  i n t e r f a c e  i n  a "low-gravity" environment (g <10 go, where go = 980 cm/s ). 
The experiment was performed on a sounding rocke t  f l i g h t  i n  December 1976 a s  
p a r t  of  t h e  NASA Space Process ing  Appl ica t ions  Rockets P r o j e c t  (SPAR). Also 
repor ted  a r e  t h e  r e s u l t s  o f  l a b o r a t o r y  experiments t h s t  were performed t o  f u r t h e r  
c h a r a c t e r i z e  the  specimen m a t e r i a l  (CBr4), and the  r e s u l t s  of  l a b o r a t o r y  t e s t s  
s imula t ing  t h e  unique environment of a sounding r o c k e t  f l i g h t .  The r e s u l t s  of 
a p r i o r  experiment i n  t h i s  program have been r e p o r t e d  p rev ious ly  (Ref. 1 ) .  
The impetus f o r  t h i s  r e s e a r c h  stems from t h e  need to develop techniques  
f o r  bubble management d u r i n g  c r y s t a l  growth o r  m e t a l l i c  s o l i d i f i c a t i o n  processes .  
When t h e s e  processes  a r e  performed t e r r e s t r i a l l y ,  t h e  g r a v i t y  genera ted buoyancy 
f o r c e  causes  bubbles  t o  move and can be employed t o  remove them from the  mel t .  
I n  low-gravity, however, t h e  buoyancy f o r c e  is s i g n i f i c a n t l y  reduced. For smal l  
bubbles,  t h e  t e rmina l  v e l o c i t y  is d i r e c t l y  p ropor t iona l  t o  g r a v i t a t i o n a l  
a c c e l e r a t i o n ,  thus  a t  g = 10'~ go bubbles a r e  v i r t u a l l y  s t a t i c  (Ref. 2 ) .  I n  
a d d i t i o n ,  low g r a v i t y  is  expected t o  favor  e a s i e r  bubble n u c l e a t i o n  due t o  t h e  
reduced h y d r o s t a t i c  head, decreased f r e e  convection,  and inc reased  d i s p e r s i o n  
of  f o r e i g n  p a r t i c l e s  (Ref. 3). E a s i e r  nuc lea t ion  and reduced mobi l i ty  should ,  
t h e r e f o r e ,  be c h a r a c t e r i s t i c  of  bubble behavior d u r i n g  m a t e r i a l s  process ing 
J', . 
opera t  i o n s  i n  low-gravity . I n  f a c t ,  s e v e r a l  experiments have at$rd,ad# 'ob'gerved 
such e f f e c t s  (Refs. 4-7). 2 .  
Two p o t e n t i a l  "low-gravity" bubble management techniques  a r e ,  t h e  p u s h i ~ t g  
of  bubbles by s o l i d - l i q u i d  i n t e r f a c e s  and t h e  motion of bubbles i n  a temperature  
g rad ien t .  Both of these  phanomena were addressed i n  t h i s  experiment.  B r i e f l y ,  
t e r r e s t r i a l  experiments have shown th:-lt small bubbles  can be pushed by slowly 
moving i n t e r f a c e s  (d = 0. l m ~ ,  R = 5vm,'s) (Ref. 8 ) ,  and cons ide rab le  l i t e r a t u r e  
e x i s t s  on t h e  i n f l u e n c e  o f  process ing v a r i a b l e s  on t h e  i n c l u s i o n  of  bubbles 
( p o r o s i t y )  dur ing  c a s t i n g  o r  c r y s t a l  growth (Refs. 9-18) . S i m i l a r l y ,  thermal 
migrat ion of bubbles  can be demonstrated i n  the l abora to ry  (Ref. 1 9 ) ,  and 
previous experiments have shown t h a t  an inverse  temperature gradient  can counter- 
balance the  t e r r e s t r i a l  buoyancy force  on a bubble (Refs. 20, 21). With the 
exception of our SPAR I experiments (Ref. l ) ,  no s t u d i e s  of bubble-interface 
i n t e r ac t i on  i n  low-gravity have been performed, and desp i t e  s eve ra l  demonstra- 
t i o n s  of Marangoni flows i n  low-gravity (Refs. 22, 23), no one has ye t  
shown t h a t  bubbles w i l l  migrate i n  a temperature gradient  i n  t he  absence of 
gravi ty .  Reasonable doubt e x i s t s  a s  t o  whether thermocopillary forces  w i l l  
cause bubble motion i n  low-gravity e i t h e r  i n  pure one-component f l u i d s  o r  i n  
impure systems with sur face  a c t i v e  spec ies  present .  
The approach taken i n  t h i s  experiment was an extremely simple one inyolying 
gradient  f reeze  s o l i d i f i c a t i o n  of  a gas-saturated , t ransparent  , low entropy 
of fusion mater ia l .  So l id i f i ca t i on  i n  such r a t e r i a l s  has  been found t o  be a 
good simulation of s o l i d i f  f c a t i on  i n  metals  (Ref. 24). During so l id f  f i c a t i on ,  
t he  l i qu id  phase becomes enriched i n  re jec ted  (gaseous) s o l u t e  whi'ch eventual ly  
nucleates  a s  a bubble a t  o r  near the  sol id- l iquid i n t e r f ace .  The subsequent 
behavior of t he  bubbles was observed during the  "low-gravity!' coas t ing  phase 
of a sounding rocket  f l i g h t  by sequent ia l  photographs. 
EXPERIMENTAL PROCEDURE 
Apparatus 
The same apparatus was employed f o r  t h i s  f l i g h t  a s  had been used on SPAR I. 
De ta i l s  of t he  desfgn and aonstruct ion were given previously (Ref. 1 ) .  I n  
b r i e f ,  t he  apparatus was a self-contained rocket-qualffied un i t  t ha t  provided 
fo r  gradient  f reeze s o l i d i f i c a t i o n  of four samples contained i n  lOm OD x lOOnmr 
long pyrex tubes. A s t ab l e ,  l i n e a r  temperature gradient  was allowed t o  decay 
during t h e  f l i g h t ,  thereby causing the  sampl.e t o  s o l i d i f y .  The apparatus  was 
s l i g h t l y  modified f o r  t h i s  f l i g h t  in  order  t o  increase t he  s t a r t i n g  temperature 
gradient  t o  20°C/cm while preserying the same freezing r a t e  (10 t o  20pm/s). 
Progress of the experiment was recorded using a motorized 35mm camera. 
Specimen Prepara t ion  
Carbon te t rabromide,  a t r a n s p a r e n t ,  low entropy o f  f u s i o n  compound w a s  
a g a i n  chosen a s  t h e  specimen m a t e r i a l .  Desp i t e  the  d i sadvan tages  of CBr4 ,  t h e  
same m a t e r i a l  was flown aga in  t o  provide  a v a l i d  comparison t o  the  SPAR I 
r e s u l t s .  F i l l i n g  o f  t h e  sample tubes  w i t h  CBr4 was e f f e c t e d  i n  a manner 
i d e n t i c a l  t o  t h a t  descr ibed e a r l i e r  (Ref. 1). For t h i s  f l i g h t ,  a l l  of t h e  
specimens were s a t u r a t e d  wi th  n i t rogen .  Three of t h e  four  specimens (A, B and 
C) were commercial p u r i t y  (CP) C B r 4 ,  and t h e  o t h e r  (D) was zone r e f i n e d  (ZR) 
CBr4. As a n  i n d i c a t i o n  of the  p u r i f i c a t i o n  e f f e c t e d  by zone r e f i n i n g ,  t h e  
r e l a t i v e  o p t i c a l  a b s o r p t i v i t y  of  a 0.76 M s o l u t i o n  of  CBr4 i n  CC14 a t  417 nm 
was reduced from 0.064 t o  0.009. Bromine is thought to be the  impuri ty  
r e s p o n s i b l e  f o r  t h i s  c o l o r a t i o n ;  i t s  concen t ra t ion  was s u b s t a n t i a l l y  reduced 
by zone r e f i n i n g .  The o t h e r  major r e s i d u a l  impuri ty  was bromoform. 
Complete d e t a i l s  of t h e  p u r i f i c a t i o n  procedures and r e s u l t s  a r e  g iven e l s e -  
where (Ref. 25). This  m a t e r i a l  i s  unusually d i f f i c u l t  t o  p u r i f y  because 
i t  decomposes a t  i t s  mel t ing  po in t .  The r a t e  of  decomposition is g r e a t l y  
reduced by s h i e l d i n g  t h e  sample from l i g h t ,  but  i t  cannot be conlpletely 
suppressed.  
Experimental  Sequence 
The intended sequence of o p e r a t i o n s  f o r  t h i s  experiment was: 
t - 45 min 
0 h e a t e r  on 
to - 4 min h e a t e r  o f f  
to  launcli 
to + 100s camera starts 
to + 300s camera s t o p s  
During t h e  45 minute preheat  period, a s t a b l e  temperature g r a d i e n t  o f  
20°C/cm was e s t a b l i s h e d  a long the  sample tubes wi th  t h e  s o l i d - l i q u i d  i n t e r -  
f a c e  i n  the  f i e l d  of view of t h c  camera. We chose t o  hegin coo l ing  t h e  sample 
be fo re  launch because ground base experiments had sllown t h a t  s e v e r a l  minutes 
were required f o r  a s t a b l e  cool ing r a t e  t o  be e s t a b l i s h e d  a f t e r  the  h e a t e r s  
were shu t  o f f .  
RESULTS 
I n i t i a l  Observations 
The rocket f l i g h t  was success fu l  and the  apparatus functioned pe r f ec t l y .  
The telemetered da t a  show t h a t  the  camera began operat ing a t  to + 100s and 
took p i c tu re s  a t  a r a t e  o f  1.08 framesls. Figure 1 is t h e  second frame of the  
f l i g h t  f i lm ( t  = 101s). Payload despin occurred a t  about 65s, and a l l  acceler-  
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a t i o n s  were below 10 go a t  78s. Between 85 and 338s no acce l e r a t i ons  g rea t e r  
than lb4 go were present .  Preliminary observations showed tha t  numerous small 
bubbles were present  i n  the  l i q u i d  por t ion  of specimens A, B and C; some 
s o l i d i f i c a t i o n  had already taken place; c y l i n d r i c a l  voids were being formed 
i n  specimen C; and t h e  so l id- l iqu id  i n t e r f a c e  i n  specimen D was more planar than 
i n  t he  other  specimens. Subsequent frames of  the f i lm  show tha t  the c y l i n d r i c a l  
voids continued t o  grow, the  small bubbles remained s t a t i ona ry ,  and towards 
t he  end of t he  f l i g h t  a l a r g e  bubble a t  the top of B moved downward along one 
s ide,  causing gen t l e  c i r c u l a t i o n  of the melt ( a s  shown by movement of small 
nearby bubbles). To a id  i n  reconstruct ion of the  dynamics of the f l i g h t  ex- 
periment, a 16mm c ine  f i lm  was made from the  35nm x 226 exposure f l i g h t  fi lm. 
Growth and Morphology of Voids 
Figures 2 and 3 a r e  a sequence of photographs of specimens B and C,  
respect ively.  They show how s o l i d i f i c a t i o n  proceeded during the law-gravity 
i n t e rva l .  The f i gu re s  show t h a t  gas bubbles were generated a t  the so l id - l i q r~ id  
i n t e r f ace  and were incorporated i n t o  the s o l i d  i n  the form of voids. There 
is no evidence of pushing of bubbles by the  i n t e r f ace .  The voids i n  specimens 
A, B, and C were cy l ind r i ca l  i n  shape. The growth d i r e c t i o n  of the  voids 
was upward and sharply incl ined toward the  cen t e r  of the specimen. The locus 
of t he  inner ends of the  voids def ines  the sol id- l iquid i n t e r f ace ,  which 
appears t o  have been roughly hemispherical and concave towards the l i qu id .  
Bubbles nucleated repeatedly,  apparent ly  near the  periphery of the sample. 
Transmission o p t i c a l  micrographs of specimens A, B, and C show tha t  the 
cy l ind r i ca l  voids  have uneven sur faces  and usually being a t  a small (approximately 
0.05 t o  0 .1  mm diameter) faceted, roughly sphe r i ca l  void (Ref. 26).  Some 
small spher ica l  voids were a l s o  present  t ha t  d id  not give r i s e  t o  cy l ind r i ca l  
voids .  From s t e r e o s c o p i c  obse rva t ion ,  i t  can be  seen t h a t  t h e  vo ids  a r e  
t o t a l l y  enclosed by CBr4.  Many of them a r e  s i t u a t e d  a t  a small d i s t a n c e  
(approximately 0.1 mm) i n  from t h e  o u t e r  ( c y l i n d r i c a l )  s u r f a c e  o f  the  sample. 
The f o u r t h  specimen, D,  does  no t  show t h e  same i n c l i n e d  c y l i n d r i c a l  w i d  
morphology, Some l a r g e  voids  wi th  a g e n e r a l l y  s p h e r i c a l  morphology were grown 
i n .  They a r e ,  however, much l e s s  d i s t i n c t  t h a t  t h e  s p h e r i c a l  voids  observed i n  
SPAR I. It  is a l s o  ev iden t  i n  Fig.  1 t h a t  t h e  i n t e r f a c e  of  specimen D was more 
p lanar  and more d i s t i n c t  t h a t  t h e  i n t e r f a c e  of  t h e  o t h e r  t h r e e  specimens. 
Specimens A, B, and C had a more ex tens ive  mushy zone than specimen D. This 
is  a consequence o f  t h e  h igher  p u r i t y  of specimen D. 
S e v e r a l  voids  were a l s o  observed i n  specimens grown d u r i n g  ground base  
s i m u l a t i o n  experiments before  t h e  f l i g h t .  These v ~ i d s  were of a c y l i n d r i c a l  
morphology w i t h  t h e  a x i s  of  t h e  c y l i n d e r  p a r a l l e l  t o  t h e  growth d i r e c t i o n  
(upward). Small s p h e r i c a l  voids  were o c c a s i o n a l l y  observed d u r i n g  l a b o r a t o r y  
s imula t ions ,  b u t ,  i n  genera l ,  c y l i n d r i c a l  vo jds  predominated. The number 
of  vo ids  p r e s e n t  was smal l .  These obse rva t ions  a l s o  held  t r u e  f o r  t h e  ZR 
mater ia l .  
During ground base  s imula t ion  experiments bubbles  were p e r i o d i c a l l y  nuc lea ted  
a t  t h e  s o l i d - l i q u i d  i n t e r f a c e .  They remained t h e r e  and grew l a r g e r  u n t i l  they 
reached a c r i t i c a l  s i z e  of approximatley 0.5 t o  1 mm, whereupon they detached 
from t h e  i n t e r f a c e ,  f l o a t e d  upward, and d i s s o l v e d  i n  t h e  melt  o r  came t o  r e s t  
a t  t h e  t o p  of t h e  sample tube. Most of  t h e  ga.i which was evolved a t  the  
s o l i d - l i q u i d  i n t e r f a c e  escaped i n  t h i s  manner. Thus, t h e  t o t a l  volume o f  
voids  grown i n t o  the  ground base  s imula t ion  specimens was f a r  l e s s  than  t h a t  
i n  t h e  f l i g h t  specimens. This obse rva t ion  was confirmed by X-radiography of 
t h e  f l i g h t  and ground base specimens. 
Bubble Phenomena 
A s  a consequence of  t h e  d e n d r i t i c  n a t u r e  and concave shape of the  s o l i d -  
l i q u i d  i n t e r f a c e ,  i t  is  d i f f i c u l t  t o  r e s o l v e  d e t a i l s  of the  bubb le - in te r face  
i n t e r a c t i o n .  However, from c l o s e  i n s p e c t i o n  of  t h e  photographs and microscopic 
obse rva t ions  of t h e  low-g processed specimens, i t  seems t h a t  l a r g e  s c a l e ,  long 
d i s t a n c e  (2  1 mm) pushing o f  bubbles d id  not  occur.  Evidence f o r  pushitlg 
would have been d i r e c t  obse rva t ion  of bubble motion a t  the  i n t e r f a c e  o r  
observat ion of a band of bubbles a t  t h e  end of t h e  low-g processed m a t e r i a l .  
A g r e a t  number o f  smal l  bubbles were p resen t  i n  t h e  l i q u i d  p o r t i o n  o f  t h e  
specimens. There were approximately 400 smal l  (approximately 0.1 mm diameter) 
bubbles i n  specimen A, 75 i n  specimen B, 300 i n  specimen C, and none i n  spec ime~ 
D a t  t h e  beginning of f i lming.  Also v i s i b l e  toward t h e  top  o f  the  viewing 
s l o t  was t h e  lower p o r t i o n  of a l a r g e  (approximately 4 mm diameter)  bubble i n  
specimens B and D. Examination o f  Figs.  2 and 3 shows t h a t  most of the  
bubbles appear t o  have been s t a t i o n a r y  throughout t h e  experiment, but  increased 
i 
i n  s i z e .  Close examination using t r a n s p a r e n t  over lays  and repeated viewing 
of t h e  16 nun f i l m  confirms t h a t  none o f  t h e  bubbles i n  A, C, and D moved. 
Motion of t h e  o r d e r  o f  0.1 mm would have been de tec ted .  S i g n i f i c a n t  bubble 
motion occurred,  however, i n  specimen B, a s  can be seen i n  Fig ,  2. The 
d i r e c t i o n  of bubble motion i n  B was complex, and t h e  motions occurred i n  two 
s tages .  During t h e  i n t e r v a l  between to + 100 and to + 1609, t h e  lower edge of 
t h e  l a r g e  bubble moved downward by 0.5 m. The smal l  bubbles i n  the  c e n t e r  of 
t h e  l i q u i d  reg ion  a l s o  moved downward, bu t  some smal l  bubbles moved upward 
and o t h e r s  moved sideways. The smal l  bubbles only  moved approximately 0.2 mn. 
Almost no bubble motion occurred between 160 and 260s, but  a t  260s the  lower 
edge o f  t h e  l a r g e  bubble began t o  move downward again .  The small bubbles a l s o  
moved: Those i n  t h e  c e n t e r  of t h e  f i e l d  of view followed a curved t r a j e c t o r y  
downward and t o  t h e  r i g h t ;  those  at  t h e  top,  very near  t o  the  l a r g e  bubble, 
moved upwards. The l a r g e  bubble -mved 1 . 3  mm, and t h e  small bubbles moved be- 
tween 0 .3  and 1.1 mu. When viewing t h i s  motion speeded up by a f a c t o ~  of 24 
on t h e  c i n e  f i lm,  one has  the  d i s t i n c t  impression t h a t  the  small bubbles were 
swept a long  i n  a f l u i d  flow t h a t  was d r i v e n  by the  motion of the  l a r g e  bubble. 
The diameters  o f  s e v e r a l  bubbles i n  specimen B were measured every t e n t h  
frame. Typical  r e s u l t s  a r e  p l o t t e d  i n  Fig.  4, wi th  a least squares  s t r a i g h t  
l i n e  f i t  t o  t h e  d a t a .  I n  general ,  the  bubble diameters  increased l i n e a r l y  
wi th  time and doubled i n  the  200s of observat ion.  Bubble diameters  were not 
measured i n  specimens A and C, but  had t h e  same q u a l i t a t i v e  behavior.  This  
behavior is i n  c o n t r a s t  t o  t h a t  of SPAR I i n  which bubbles were observed t o  
disappear  dur ing t h e  f i r s t  100s. 
DISCUSSIOK 
There a r e  s e v e r a l  important a s p e c t s  of t h e s e  r e s u l t s .  Among them a r e  the 
g r e a t e r  void d e n s i t y  observed i n  samples s o l i d i f i e d  i n  t h e  absence o f  g r a v i t y ;  
t h e  observa t ion  t h a t  an i n i t i a l  temperature g rad ien t  of 20°C/cm d i d  not cause 
bubbles t o  detach from t h e  i n t e r f a c e  o r  migrate  through t h e  l i q u i d ;  and t h e  f a c t  
t h a t  s i g n i f i c a n t  bubble pushing by t h e  i n t e r f a c e  d i d  no t  occur. These r e s u l t s  
r e i n f o r c e  t h e  s i m i l a r  obse rva t ions  t h a t  were made on SPAR I with  an  i n i t i a l  
temperature g rad ien t  of 5*C/cm (Ref. 1 ) .  I n  a d d i t i o n ,  s e v e r a l  l abora to ry  
s imula t ions  and t h e o r e t i c a l  c a l c u l a t i o n s  were made i n  o r d e r  t o  assist i n  
i n t e r p r e t i n g  these  d a t a ,  a s  descr ibed below. 
Some quest ion e x i s t s  about the  e f f e c t  of rocket  desp in  a t  65s on t h e  pre- 
launch temperature g rad ien t  i n  t h e  l i q u i d  p o r t i o n  of the  sample tubes .  Per- 
haps t h e  abrupt  d e c e l e r a t i o n  (3.5 t o  0.2 r e v / s  i n  0.5s) caused f l u i d  motion 
vigorous enough t o  l e v e l  t h e  temperature g rad ien t  and hence remove t h e  d r i v i n g  
f o r c e  f o r  thermocapi l lary  motion. Circumstant ia l  evidence tends t o  discount  
t h i s  p o s s i b i l i t y  ( a s  d iscussed i n  Ref. 1 ) ;  however, l a b o r a t o r y  s imula t ions  were 
made t o  measure t h e  ex ten t  of t h e  e f f e c t ,  The f l i g h t  a,, . a r a t u s  conta ining twc? 
specimen tubes  with s i x  the rmis to rs  each i n  in t imate  c o n t a c t  wi th  the  ho t  
l i q u i d  was spun and despun, Resu l t s  from t h e s e  tests showed t h a t  spin-up 
caused temperature s h i f t s  t o  occur i n  t h e  l i q u i d ,  bu t  t h a t  these  changes were 
l a r g e l y  recovered upon desp in  (Ref. 27). The maximum e f f e c t  observed was a 
25% reduct ion of the  20°C/cm g r a d i e n t  t o  about lS°C/cm. A s  d iscussed more 
f u l l y  e a r l i e r  (Ref. 27) ,  one might expect a g r e a t e r  change t o  occur i n  an  
a c t u a l  rocket  f l i g h t  because desp in  would t a k e  p lace  i n  t h e  abse-!~.e of a s t a -  
b i l i z i n g ,  v e r t i c a l  a c c e l e r a t i o n  ( g r a v i t y ) .  However, the  r e s u l t s  o f  t h e s e  tests 
c l e a r l y  show t h a t  despin does not  cause tu rbu len t  mixing t o  occur,  b u t ,  
r a t h e r ,  p rese rves  t h e  d e n s i t y  s t r a t i f i c a t i o n .  However, the  desp in  does  r e o r i e n t  
the  d i r e c t i o n  of the  s t r a t i f i c a t i o n  ( i . e . ,  dens i ty l t empera tu re  g r a d i e n t ) .  
This  is  thought t o  be the  reason why t h e  growth i n t e r f a c e  is concave toward 
t h e  l i q u i d  i n  t h e  f l i g h t  experiment, whereas i t  was found t o  be f l a t  i n  ground 
base s imulat ion.  I n  sum, there fore ,  t h e  e f f e c t  of desp in  is t o  reduce somewhat 
and r e o r i e n t  t h e  temperature g rad ien t  i n  the  l i q u i d  p o r t i o n  o f  the sample; t ' . ~  
i n i t i a l  temperature g rad ien t  is no t  e l  imlnated by despin .  
Void Morphology and Density 
G r a v i t a t i o n a l  f o r c e s  d i d  n o t  appear t o  a f f e c t  t h e  void morphology i n  spec- 
imens A, B and C from t h i s  f l i g h t .  C y l i n d r i c a l  vo ids  were observed i n  both  
l abora to ry  s imula t ions  and t h e  f l i g h t  experiment. Likewise, a l l  of the  specimens 
from SPAR I displayed s p h e r i c a l  void morphology whether processed i n  the 
l abora to ry  o r  i n  a we igh t l e ss  environment. The except ion t o  t h i s  obse rva t ion  
i s  specimen D f o r  SPAR 111. This zone-refined m a t e r i a l  produced on ly  one o r  
two v e r t i c a l  c y l i n d r i c a l  void6 when processed i n  the  l a b o r a t o r y ,  but  s p h e r i c a l  
voids  were grown i n  dur ing  f l i g h t .  Previous  Woln i n  t h i s  a r e a  has  r e l a t e d  
void morphology t o  f r e e z i n g  r a t e  (Refs. 9, 12,  14,  16 ,  17)  concen t ra t ion  of 
d i s so lved  gas  (Refs. 11-14, 16)  e x t e r n a l  p r e s s u r e  (Ref. 12) ,  and convection 
(Ref. 18) .  It is  g e n e r e l l y  held  t h a t  wi th  a l l  o t h e r  parameters c o n s t a n t ,  
low f r e e z i n g  r a t e s  l ead  t o  bubble pushing; in te rmedia te  f r e e z i n g  r a t e s  g i v e  
c y l i n d r i c a l  voids;  and high f r e e z i n g  r a t e s  produce s p h e r i c a l  vo ids  (Ref. 9) .  
I f  t h e  r a t e  of gas evo lu t ion  a t  t h e  i n t e r f a c e  depends on the  s o l i d i f i c a t i o n  r a t e ,  
then t h i s  simple p i c t u r e  is no longer  -galid (Ref. 1 7 ) .  The c r i t i c a l  v e l o c i t y  
f o r  bubble pushing v a r i e s  from system t o  system and has  no t  been widely s t u d i e d ,  
but  is thought t o  be f a r i l y  low, approximately 5 pm/s  f o r  a p lanar  i n t e r f a c e  
(Ref. 8).  A comparison of  our  f l i g h t  and ground base  r e s u l t s  shows t h a t  t h e  
void morphology seems t o  be more a f f e c t e d  by a change i n  temperature g r a d i e n t ,  
G, than by a change i n  growth r a t e  R, i . e . ,  s p h e r i c a l  vo ids  observed wi th  
G = 5'C/cm, R = 2.5 t o  14 pm/e, c y l i n d r i c a l  voids  observed a t  G = 20°C/cm, 
R = 10  t o  25 um/s. It seems t h e r e f o r e ,  t h a t  G ,  t h e  temperature g rad ien t  i n  the  
l i q u i d ,  is  a potent  f a c t o r  i n  determining void morphology i n  CBr4. 
Our r e s u l t s  a l s o  show t h a t ,  i n  genera l ,  the  g r a v i t y  l e v e l  had l i t t l e  
e f f e c t  on void morphology except  f o r  the  zone r e f i n e d  m a t e r i a l  processed on 
SPAR 111 (specimen D).  The major d i f f e r e n c e  between t h i s  sample and t h e  o t h e r s  
is a narrower mushy zone. The i n t e r f a c e  is still  d e n d r i t i c  s i n c e  i t  was no t  
p o s s i b l e  t o  reduce t h e  impurity con ten t  below t h e  minimum f o r  c o n s t i t u t i o n a l  
supercool ing,  bu t  t h e  th ickness  of the  d e n d r i t i c  zone was considerably  reduced. 
One might specu la te  t h a t  a g a s  bubble confined t o  an  i n t e r d e n d r i t i c  channel 
and forced upward by buoyancy is more l i k e l y  t o  develop i n t o  a c y l i n d r i c a l  
r a t h e r  than s p h e r i c a l  void,  but  our d a t a  a r e  too s p a r s e  t o  a l low an under- 
s t and ing  of t h e  e f f e c t .  
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The grea te r  number of voids observed during low grav i ty  s o l i d i f i c a t i o n  on 
SPAR I and SPAR 111 might be simply explained. I f  the  same quant i ty  of gas 
were evolved and the same number of bubbles nucleated i r r e spec t ive  of 
g r av i t a t i ona l  forces ,  then one expects more voids i n  the low-g specimens 
because of the  lack of buoyancy forces.  The buoyancy forces  detach bubbles 
from t h e  i n t e r f ace  and sweep them out of the l i qu id .  However, the absence of 
g rav i ty  can a l s o  lead t o  an enhanced nucleat ion r a t e  because of t he  reduced 
hydros ta t ic  head (Ref. ') . This e f f e c t  may be s i g n i f i c a n t  i n  heterogenous 
nucleat ion and is rout ine ly  exploi ted i n  molten metal d e g a p ~ i n g  operat ions (Ref. 
10) .  An enhanced nucleat ion r a t e  could explain the extremely l a rge  number of 
voids observed i n  A, B, and C of SPAR 111. I n  p a r t i c u l a r ,  Fig. 3 shows tha t  
many voids or iginated a t  bubbles which were nucleated sho r t l y  a f t - r  s o l i d i f i -  
ca t ion  began. Measurements of  void length and knowledge of the growth r a t e  
show tha t  the voids f i r s t  appeared a t  to + 70s, which coincides with 
establishment of low gravi ty .  Also, it was observed tha t  the  voids i n  the 
low-gravity specimens w e r e  nucleated repeatedly and a t  many loca t ions  along 
the  in te r face ,  whereas i n  one-g a f a r  smaller  t o t a l  number of gas bubbles 
a r e  nucleated. Further,  t h e  la rge  number of bubbles i n  the  l i qu id  por t ion  
may a l s o  be evidence of enhanced nulceat ion i n  low-grsvity a s  mentioned below. 
Bubble Growth and Motion 
The fo r tu i t ous  presence of s o  many small bubbles i n  the l i qu id  por t ions  
of A, B, and C is useful  f o r  the purpose of t h i s  experiment, but r a i s e s  a quest ion 
about t h e i r  o r ig in .  They must have been generated sometime i n  the 100s 
i n t e r v a l  between launch and the  s t a r t  o f  p i c tu re  taking. Three possible  
explanations a r e  a s  follows: (a) the  bubbles were released by the so l id  while 
being melted back by the spinning l i qu id  and subsequently dispersed by f l u i d  
flow; (b) the bubbles were nucleated spontaneously due t o  the reduction of 
hydros ta t ic  head upon attainment of low-gravity; o r  (c) the  bubbles were 
nucleated by i pa r t i cu l a r  v ib ra t i ona l  frequency of the rocket motor. I t  is 
thought t ha t  (a) is unl ikely s ince  there  were an extremely l a rge  number of 
bubbles, they were uniformly d i s t r i bu t ed  throughout t h e  l i qu id ,  and they were 
not s i t ua t ed  on the tube wal l  a s  might be expected i f  they were dispersed 
by despin. It  is not poss ib le  t o  d i s t inguish  between (b) and (c). 
The e x i s t e n c e  o f  t h e s e  smal l  bubbles  and t h e i r  subsequent growth shows 
t h a t  they were i n  equ i l ib r ium wi th  the  l i q u i d .  I n  ground base  experiments t h e  
oppos i t e  s i t u a t i o n  was observed,  i . e . ,  some bubbles  r e l e a s e d  by the growing 
s o l i d  were seen  t o  d i s s o l v e  i n  the  l i q u i d  d u r i n g  t h e i r  r i s e  t o  the  top.  The 
l o r g r a v i t y  behavior may have occurred because of  the  c o o l i n g  o f  an  i n i t i a l l y  
s a t u r a t e d  l i q u i d  o r  i t  may be a g r a v i t y  r e l a t e d  e f f e c t .   arson (Ref. 28)  h a s  
shown t h a t  t h e  reduc t ion  i n  h y d r o s t a t i c  head which occurs  under g r a v i t y - f r e e  
c o n d i t i o n s  can be accounted f o r  by cons ide r ing  a reduced p r e s s u r e  regime i n  t h e  
P-T-X equ i l ib r ium diagram. When t h i s  is done, a l i q u i d  + g a s  two-phase 
equ i l ib r ium region can be encountered.  Thus, a s i n g l e  phase l i q u i d  can, upon 
reduc t ion  o f  t h e  a p p l i e d  p r e s s u r e  o r  h y d r o s t a t i c  head, t ransform t o  a  
l i q u i d  and gas  mixture. R e d u c ~ i o n  i n  the h y d r o s t a t i c  head i n  o r d e r  t o  a l l o w  
gas  phase formation is common p r a c t i c e  i n  degass ing of molten meta ls  (Ref. 1 0 ) .  
V a r i a t i o n s  i n  t h e  t o t a l  i n t e r n a l  p r e s s u r e  from ampoule t o  ampoule and v a r i a t i o n s  
i n  t h e  temperature i n  d i f f e r e n t  l o c a t i o n s  i n  the  l i q u i d  could then g i v e  rise 
t o  the  observed v a r i a t i o n s  i n  bubble d e n s i t i e s .  Bubbles never nucleated i n  the  
l i q u i d  dur ing  one-gravity s imula t ion  tests. 
Crcwth of t h e  bubbles d u r i n g  low-gravity occurred w i t h  a  l i n e a r  dependence 
of  t h e  r a d i u s  on time (Fig. 4 ) .  If t h e  growth had been c o n t r o l l e d  by d i f f u s i o n  
through t h e  l i q u i d ,  a  t$ dependence should have been observed; however, a l i n e a r  
growth law is t o  be expected i n  the  case  of i n t e r t n c i a l  c o n t r o l  of mass t r a n s -  
por t  (Kcf. 29). I n t e r f a c i a l  c o n t r o l  of the  movement of d i s so lved  gases  i n t o  
btlbbles is o f t e n  observed i n  s tee lmaking when s u r f a c e  a c t i v e  i m p u r i t i e s  a r e  
p resen t  (Ref. 30). The s i t u a t i o n  d u r i n g  the rocke t  experiment is complicated 
by t h e  cont inuous  coo l ing  of  t h e  melt which changes the  supersn tu rn t ion  th r reby  
a l t e r i n g  the  growth k i n e t i c s .  
The absence of any uniform, thermally d r iven  bubble motion i n  t h e  l i q u i d  
por t ion  of our specimens is c o n s i s t e n t  wi th  the  i n i t i a l  obse rva t ions  mde on 
SPAR I. We a r e  n ~ , t  a b l e  t o  a s c r i b e  t h i s  immobility t o  the  l a c k  of g r a v i t y  
because we th ink  th,!t a s u f f i c i e n t  q u a n t i t y  of impurity was p r e s e n t  t o  con- 
taminate t h e  bubble s u r f a c e  and a r r e s t  t h e  flow. E a r l i e r  s u p p o s i t i o n s  (Ref. 1) 
t h a t  thc bubbles were hnmobilized by being i n  con tac t  wi th  the  ' ube  wall have 
been discounted because of the  observcltion of notiuniform bubble motion i n  
specimen B. The bubbles were f r e e  t o  move. I n  addi t ion ,  the f l i g h t  f i lm  shows 
tha t  the  advancing i n t e r f a c e  obscured t h e  bubbles. Therefore the bubbles were 
on t h e  f a r  s i de  of the  i n t e r f a c e  and couldn't  have been aga ins t  the nearer  
tube w a l l .  I n  addi t ion ,  the  sur faces  of t he  returned samples were smooth with 
no sur face  voids, i.e., a l l  of the bubbles were t o t a l l y  enclosed by CBr4. 
Other doubts about the  absence of a temperature grad ien t  i n  the l i q u i d  (Ref. 1 )  
have been a l layed  by the sp in  t ab l e  s imulat ions mentioned above and i n  Ref. 27. 
To inves t i ga t e  the e f f e c t  of impur i t i es  on the  therwal migration of bubbles, 
a series of  simple laboratory tests were performed. These experiments a r e  
described more f u l l y  i n  Ref. 31, but mainly consis ted of  dbs.xving the  e f f e c t  
of a temperature gradient  on a bubble trapped i n  a hor izonta l  tube. Pyrex 
sample tubes, 10 mm diameter by 100 m long, were incompletely f i l l e d  with 
var ious low-entropy of fusion organic mater ia l s .  They were placed i n  the heat  
l eve l e r  block, turned t o  a hor izonta l  pos i t ion ,  melted, and brought t o  a s t a b l e ,  
isothermal condition. The vapor bubble, 5-10 mm long by a 2-4 m deep, which 
was present i n  the  tube, was then brought t o  the  cen te r  of the tube by mechanically 
l eve l ing  t h e  hea t  l eve l e r  block ( s imi la r  t o  the  ac t i on  of a carpenter ' s  l eve l ) .  
After  s t a t i c  equi l ibr ium was assured, t he  temperature of one end of the  sample 
tube was ra i sed  by increasing power t o  one s e t  of hea te rs ,  and the  behavior 
of the  bubble was monitored. I n  CBr4 (melting point ,  Tm = 91°C, vapor 
pressure,  Pm = 46 t o r r )  the  bubbles were general ly  immbi le  and t h e i r  
migration behavior was e r r a t i c  and inconclusive. For c o m e r c i a l  pur i ty  
camphene (Tm = 51°C, Pm * 20 t o r r )  , we observed cons is ten t  migration of  the 
cold end a t  low values of ATIAX (= 1°C/cm) and subsequent migration t o  the hoe 
end when ATIAX reached 3"C/cm. For p a r t i a l l y  pur i f ied  camphene (5 pass zone 
re f ined) ,  the  bubbles were much l e s s  mobile than the CP m t c r i a l ,  but 
eventual ly  moved to  the hot end a t  high AT/AX. Bubbles i n  commercial pur i ty  
succ inon i t r i l e  (T = 58'C. Pm - 0.1 t o r r )  were general ly  Immobile, but 
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bubbles i n  succ inon i t r i l e  of extremely high pur i ty  (supplied by M. Glicksman) 
were very mobile and cons is ten t ly  migrated t o  trre hot end a s  soon a s  any 
temperature gradient  was imposed. These ground base experiments were subjec t  
t o  t he  e f f e c t s  of buoyancy driven convection, and therefore  the i n t e rp re t a t i on  
of observations of migration t o  the cold end of the tube is not unequivocal 
(see Ref. 31), but i t  is reasonable t o  conclude tha t  impur i t i es  play a potent 
r o l e  i n  determining the  response of bubbles t o  thermal grad ien ts  and t h a t  the 
bubbles i n  our f l i g h t  experiments with CP and ZR CBr4 were subjec t  t o  the  inf luence 
\ 
of  such impuri t ies .  
The observation of nonuniform bubble and f l u id  morinn i n  sample B is puzzl- 
ing. It  seems c l e a r  t h a t  the downward motion of the l a rge  bubble c a ~ s e d  
displacement of f l u i d  which i n  tu rn  caused the smaller  bubbles t o  move. The 
most l i k e l y  d r iv ing  force  f o r  the motion of t h e  l a r g e  bubble is sur face  tension,  
but t he  bubble moved from hot t o  cold. This is  s imi l a r  t o  some of the ground 
base observat ions mentioned above and is a l s o  reminiscent of observations of the 
uotion of two phase inc lus ions  i n  s a l t  c r y s t a l s ,  which a l s o  go from hot t o  cold 
(Ref. 32 and 33). The mechanism i n  t h a t  case was complex, involving evaporation 
and condensation. Al te rna t ive ly ,  sur face  a c t i v e  impur i t i es  whose absorpt ion 
is  thermally ac t iva ted  can cause the temperature dependence of the sur face  
tension t o  change s i g n  (Refs. 34-36) ; t h i s  would r e s u l t  i n  a r eve r sa l  of the 
predicted d i r e c t i o n  o i  motion. One of these  mechanisms o r  modifications 
thereof might explain the  motion of the  l a rge  bubble. Al te rna t ive ly ,  nonuniform 
wett ing of the  g l a s s  wal l  might have caused the  motion. Bubble coalescence 
could not  be the  d r iv ing  force  becarlse the observed motion was r e l a t i v e l y  uniform 
and low ve loc i ty ,  r a the r  than abrupt and rapid.  Likewise, shrinkage due t o  
s o l i d i f i c a t i o n  and cooling could be expected t o  account for  a maximum uniform 
downward motion of about (0.04) ( 6  xu) = 0.24 mm. The motion observed i n  sample 
B was much grea te r .  Similar ly ,  downward motion of the l i qu id  is sometimes 
observed during d i r e c t i o n a l  s o l i d i f i c a t i o n  of p l a s t i c  c rys t a l s ;  t h i s  is thought 
t o  be caused by a sp i r a t i on  of the melt i n t o  cracks and c a v i t i e s  which occur 
during cooling of the so l id .  This mechanism should, however, lead t o  a r e l a t i v e l y  
uniform downward motion of l iqu id .  
The forces  imposed by nonuniform sur face  tension increase a s  the s i z e  of 
t he  bubble increases;  therefore ,  l a rge r  bubbles should move before smaller  
ones. I n  view of our laboratory observations of e r r a t i c  bubble migration 
behavior i n  CBr4 ,  i t  is perhaps not su rp r i s ing  t h a t  w e  s a w  bubble migration 
i n  only one of the  four samples and tha t  the bubble moved i n  the "wrong" 
d i r ec t i on .  I n  re t rospec t ,  however, a sample mater ia l  i n  which bubbles show a 
cons is ten t  and pred ic tab le  response t o  thermal grad ien ts  would have been more 
s a t i s f ac to ry .  
1 2  
a t  
Subsequent t o  these observ,~t ions,  t he  f i lm  of SPAR I was reviewed a t  
i; 
high speed. It w a s  .loticed tha t  the  abrupt coalescence of two l a rge  bubbles 
f r~ at* t h e  i n t e r f a c e  of one ~ s e c i m e n  caused a smaller bubble i n  the l i qu id  t o  move 
;, 5 : a sb . ) r t  d i s t ance  (approximately 0.2 nun). Thus, w e  have another event i n  which 
2 - thtr m t i o n  of a l a r g e  bubble caused f l u i d  flow and hence pushed neighboring 
saz '-1 bubbles -- although the d r iv ing  force i n  t h i s  ins tance  was obviously 
3 
co;~Iescence. These observat ions document a source of f l u i d  flow i n  low-gravity; 
Since bubbles did not  migrate through the l i qu id  phase, i t  is unl ikely 
thar they would have been pulled o f f  the sol id- l iquid i n t e r f ace  by the thermal 
gratiient. A ca l cu l a t i on  was made of the condi t ions under which thermocapillary 
forces  would have been s u f f i c i e n t l y  s t rong  t o  cause departure  (Ref. 37). The 
r e s u l t s  of t h i s  ca lcu la t ion  show t h a t ,  f o r  the  condi t ions present  on SPAR 111, 
the  bubble diameter would have had t o  exceed 40 um fo r  departure  i n  low-g a s  
coapared to  0.5 rn f o r  departure  i n  one-g. Al te rna t ive ly ,  increasing the 
,emperature gradient  t o  100°C/cm would have caused departure  of a 2 mm bubble 
i n  l o r g .  These ca lcu la t ions  did not take i n t o  account any impurity e f f e c t s .  
These r e s u l t s  i nd i ca t e  t ha t  thermal grad ien ts  may be of  l imi ted  u t i l i t y  i n  low- 
g; a v i t y  bubble management schemes. 
SUMMARY 
1. Specimens of nitrogen-saturated CBr4 contatned a l a rge r  t o t a l  volume of  
trapped gas bubbles when s o l i d i f i e d  i n  a low-gravity environment. This 
is .a t t r ibuted t o  the absence of buoyancy forces .  
2. I n  generill.. a l a rge r  number of  trapped bubbles were present i n  the 
low-gr ,?ity specimens. This is ind ica t ive  of e a s i e r  bubble nucleat ion 
i n  ,ow-gra-•+ t y  . 
3. i h ~  morphology of grown-in voids (trapped bubbles) was found t o  be 
delendent upon the applied temperature gradient .  A temperature gradient  
of 20°C/cm tesu l ted  i n  c y l i n d i r c a l  voids, whereas a gradient  of 
S°C,lcm resu l ted  i n  spher ica l  voids, a l l  other  things being equal.  
The void morphology was dependent on g rav i ty  i n  the case of zone 
r e f  i l e d  mater ia l  only. 
4. An i n i t i a l  temperature gradient  of 2O0~/crn did not cause bubbles t o  
detach from a l iquid-sol id  i n t e r f a c e  o r  t o  migrate t o  the hot end i n  
l iqu id  CB14 i n  low-gravity. Variable o r  incons is tan t  bubble migration 
behavior is t o  be expected f o r  impure mater ia ls .  
5 .  So l id i f i ca t i on  in t e r f aces  i n  CBr  were not  a b l e  t o  cause long d i s t ance  4 
(grea te r  than 1.0 m) pushing of bubbles i n  law-gravity. 
6 .  Motion o r  coalescence of bubbles can cause s i g n i f i c a n t  f l u i d  flow i n  
weight less  l iqu ids .  
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Fig. 1 Appcaranr-c f 1 1 1 ~ .  ?;l~~-rirncrrs ;rt 101s after l i f t - o f ' f .  Tt~c sprcimens 
arc d e s i ~ n ~ t r r ~ r f  A rlwn11g11 Il from lcft tn s i g h t .  Thc Iowus, b r i p l ~ t  
portinns , I I  k* 901  i r l  and t h e  t t p p c t ,  dark port lnns a r c  1 l t lu id .  F l d z ~ c i a l  
grnnvps t l b c a  h~ . : i t  It.vclcr lilac-k a r r  spaced 10 mm rrntcr tn center .  
Fig. 2 Montage photograph of the growth of specimen R during SPAR 111. 
T ~ P  time from l i f t - a f f  Is shown above each view. 
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Fig 3 Montage photograph o f  the growth u f  spcrimcn C d u r i n ~  SPAR IIT. 
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* Fig.  4 Bubble diameters as  a function o f  time, specimen B ,  SPAR 111. 
